This article addresses the challenges for maximizing the benefit of thermal barrier coatings for turbine engine applications. The perspective is from the viewpoint of a customer, a turbine airfoil designer who is continuously challenged to increase the turbine inlet temperature capability for new products while maintaining cooling flow levels or even reducing them. This is a fundamental requirement for achieving increased engine thrust levels. Developing advanced material systems for the turbine flowpath airfoils, such as high-temperature nickel-base superalloys or thermal barrier coatings to insulate the metal airfoils from the hot flowpath environment, is one approach to solve this challenge. The second approach is to increase the cooling performance of the turbine airfoil, which enables increased flowpath temperatures and reduced cooling flow levels. Thermal barrier coatings have been employed in jet engine applications for almost 30 years. The initial application was on augmentor liners to provide thermal protection during afterburner operation. However, the production use of thermal barrier coatings in the turbine section has only occurred in the past 15 years. The application was limited to stationary parts and only recently incorporated on the rotating turbine blades. This lack of endorsement of thermal barrier coatings resulted from the poor initial durability of these coatings in high heat flux environments. Significant improvements have been made to enhance spallation resistance and erosion resistance, which has resulted in increased reliability of these coatings in turbine applications.
Introduction
Gas turbine performance can be improved by increasing the efficiency of the fan, compressor, and turbine components. This approach yields reduced specific fuel consumption of the gas turbine with a moderate increase in engine thrust. Large increases in thrust can be obtained by increasing the turbine inlet temperatures while maintaining or improving component efficiency levels. Figure 1 illustrates the potential improvement that remains in increasing the core horsepower, defined as the horsepower generated per pound of airflow, of a gas turbine engine as a function of the turbine inlet temperature. The solid line represents components with 100% efficiencies; that is, the maximum potential at a given temperature. Symbols on this figure represent the status of current production engines as well as the original Whittle gas turbine demonstrator engine.
There has been a significant improvement in performance largely due to improvements in materials and the introduction of cooling technologies into the turbine. Each of the production engines is near its optimum core horsepower level with the technology level incorporated into that engine. Therefore, each engine symbol represents continual improvements in technology. Note that turbine inlet temperature increases for a fixed technology level can actually cause the core horsepower to be reduced. The cause for this is parasitic loss increases in the turbine due to increased cooling flow requirements for the turbine flow path, specifically the turbine vanes, blades, and blade outer air seals. As can be readily observed, there is significant potential for improving gas turbine power output by increasing turbine temperatures; however, technological improvements in materials, coatings, and cooling will be required to achieve the potential.
Material improvements have been dramatic over the past years. The composition of the alloys used for turbine airfoil materials and their processing methods have allowed increased metal temperature operation, and hence, increased turbine inlet temperatures. As the alloy compositions have been improved, the incipient (or onset) melt temperatures increased and the creep strength, fatigue strength, and oxidation resistance also increased. Increased temperature operation was, therefore, allowed because all of the material characteristics that affect turbine airfoil durability were improved. The material processing improvements resulted in investment cast airfoils produced in equiaxed, directionally solidified, and single-crystal structures. Figure 2 shows the material temperature improvements obtained since 1960. A 100 °C (180 °F) improvement in turbine airfoil materials has been obtained in 25 years. This is a 4 °C (7°F ) improvement per year. To put this into perspective, for a turbine operating at constant operating temperature, the benefit is equivalent to doubling the durability every three and a half years.
Turbine airfoil materials are nickel-base superalloys whose incipient melt temperatures have been increased to 1316 °C (2400 °F). Since 1985, there have been no major breakthroughs in the development of nickel-base superalloys. The fundamental reason is that the incipient melt temperature has slowly approached the melting temperature of the nickel alloys. The melting point of nickel alloys is 1399 °C (2550 °F). There is further room for alloy improvement; however, the complexity of defining the alloy composition has become more difficult. A collaborative effort among the major U.S. gas turbine engine producers is under way to define the ultimate nickel alloy compositions. The goal is to improve the temperature capability another 27 to 42 °C (50 to 75 °F). To obtain increased turbine inlet temperature capability, improved cooling techniques or thermal barrier coatings (TBCs) need to be applied. Figure 3 illustrates the amount of cooling required in a typical production turbine today. The gas temperature referred to in this figure reflects the maximum inlet temperature to the firststage turbine vane. This temperature is higher than the average combustor exit temperature because combustor cooling requirements dictate that combustion and dilution processes occur with a minimum length of the burner. This results in a nonuniform turbine inlet temperature. The allowable operating temperature for the metal is about halfway between the maximum gas temperature and the temperature of the cooling flow supplied to the first vane. Also shown in this figure is the relationship of the allowable design metal temperature levels to the incipient melt temperatures. As shown, the allowable metal temperature levels are near the incipient melt point of nickel-base superalloys. In addition, a small increase in operating metal temperatures results in a significant durability decrement, that is, 13 °C (25 °F) produces a two-fold reduction in airfoil durability.
Efficient heat exchangers have been developed to cool turbine airfoils. Initially, simple internal convective cooling designs were employed. Advances in the development of airfoil cooling designs have been achieved by combining high convective cooling efficiencies with film cooling. Figure 4 shows the turbine inlet temperature increases possible with the use of cooled single-crystal turbine blades. An example of this is the F100-PW-220, the cooling configuration shown in Fig. 4 , that was proven in accelerated mission testing where more than 10 years of equivalent service was demonstrated. It should be noted that no TBCs were employed in this engine model. However, TBCs were beginning to be introduced into commercial and military products after the F100-PW-220 went into production. Cooling technology improvements will permit higher gas path operating temperatures, similar to the application of TBCs. Over time, small, incremental improvements in materials and cooling design will yield exponential increased gas path temperature capability.
Thermal Barrier Coating Design Considerations

Early Application of Thermal Barrier Coatings
Thermal barrier coatings were initially incorporated on turbine vanes. The benefits of these coatings were documented in back-to-back instrumented engine tests where turbine vanes Journal of Thermal Spray Technology
